Introduction: Critically ill patients with sepsis are prone to develop cardiac dysrhythmias, most commonly atrial fibrillation (AF). Systemic inflammation, circulating stress hormones, autonomic dysfunction, and volume shifts are all possible triggers for AF in this setting. We conducted a systematic review to describe the incidence, risk factors and outcomes of new-onset AF in patients with sepsis. Methods: MEDLINE, EMBASE and Web Of Science were searched for studies reporting the incidence of new-onset AF, atrial flutter or supraventricular tachycardia in patients with sepsis admitted to an intensive care unit, excluding studies that primarily focused on postcardiotomy patients. Studies were assessed for methodological quality using the GRADE system. Risk factors were considered to have a high level of evidence if they were reported in ≥2 studies using multivariable analyses at a P value <0.05. Subsequently, the strength of association was classified as strong, moderate or weak, based on the reported odds ratios. Results: Eleven studies were included. Overall quality was low to moderate. The weighted mean incidence of new-onset AF was 8% (range 0 to 14%), 10% (4 to 23%) and 23% (6 to 46%) in critically ill patients with sepsis, severe sepsis and septic shock, respectively. Independent risk factors with a high level of evidence included advanced age (weak strength of association), white race (moderate association), presence of a respiratory tract infection (weak association), organ failure (moderate association), and pulmonary artery catheter use (moderate association). Protective factors were a history of diabetes mellitus (weak association) and the presence of a urinary tract infection (weak association). New-onset AF was associated with increased short-term mortality in five studies (crude relative effect estimates ranging from 1.96 to 3.32; adjusted effects 1.07 to 3.28). Three studies reported a significantly increased length of stay in the ICU (weighted mean difference 9 days, range 5 to 13 days), whereas an increased risk of ischemic stroke was reported in the single study that looked at this outcome. Conclusions: New-onset AF is a common consequence of sepsis and is independently associated with poor outcome. Early risk stratification of patients may allow for pharmacological interventions to prevent this complication.
Introduction
New-onset atrial fibrillation (AF) is a common complication of critical illness, with a reported incidence that varies from 4 to 9% in general intensive care unit (ICU) patients to 32 to 50% in postcardiotomy patients [1] [2] [3] . Furthermore, new-onset AF predicts mortality in patients who are hospitalized for heart failure as well as various other critical conditions, although it is possible that AF in these cases is primarily a marker of disease severity rather than a direct cause of death [4] [5] [6] . Nonetheless, the development of AF is associated with a sudden reduction in cardiac output and rise in filling pressures and it is, therefore, possible that increased mortality is due to the adverse consequences of AF on cardiac function [4] . In addition, chronic AF is associated with thromboembolic complications, and it is plausible that some of these risks also affect critically ill patients with an acute episode of AF [7] .
Although cardiac arrhythmias in the general ICU population have been described since the early 1990s [5, 8] , most authors have studied unselected cohorts of patients, with neither exclusion of subjects who had a cardiac reason for admission nor those with a known history of chronic or paroxysmal AF. As a consequence, the true incidence and prognosis of new-onset AF in patients presenting with sepsis remains unknown.
Sepsis is characterized by a systemic release of proinflammatory cytokines, high levels of circulating stress hormones, autonomic dysfunction, and may be complicated by organ dysfunction [9, 10] . In addition, intravascular volume shifts and cardiovascular compromise will frequently lead to hypotension and elevated lactate levels [11] . All of these features of sepsis are possible triggers for the development of AF [12] .
If AF causes poor outcome it might be desirable to start antiarrhythmic prophylaxis in critically ill patients with sepsis in an attempt to prevent this complication. Current guidelines advise the use of beta blockers or amiodarone to prevent postoperative AF in patients following cardiac surgery [13] and it is conceivable that a preemptive strategy could also be effective in patients with (severe) sepsis. Identification of patients at highest risk for AF is therefore important. We aimed to gain better understanding of the incidence, risk factors and outcomes of new-onset AF in critically ill patients with sepsis.
Methods

Data sources and search strategy
We searched the literature from 1966 through 2013 using MEDLINE, EMBASE and Web of Science. In our query we used compound search strings for both the determinant (atrial fibrillation) and domain (sepsis) (see Additional file 1 of the online supplemental digital content for full specification of our search query). Only articles published in English, Dutch, French or German were considered for this review. We screened titles and abstracts of identified articles and included all studies describing the incidence, risk factors or outcome of new-onset AF, atrial flutter or other supraventricular tachycardia occurring during ICU stay in adult patients with sepsis, severe sepsis or septic shock. Patients with a supraventricular tachycardia that was not further specified or of unknown origin were included because we expected a high percentage of AF among these patients. Furthermore, we also included reports that primarily focused on patients with severe sepsis and septic shock but that were not specifically restricted to the ICU setting, because we expected a high proportion of critically ill patients to be represented in these studies. We excluded reports that primarily included patients following cardiotomy, that contained no original data, that were published only in abstract form, or that provided no clear definition of the patients or the arrhythmia being studied. Institutional Review Board approval was not sought since our study did not involve human research.
Quality assessment
Studies that met the inclusion criteria were evaluated for their methodological quality using the Grading of Recommendations Assessment, Development and Evaluation (GRADE) guidelines [14] . The following items were assessed: study design, sample size, domain definition, determinant parameterization, risk factor parameterization and outcome parameterization. We scored all items on a four-point scale from low to high.
Data analysis
Abstracts were screened for inclusion by the primary author. Articles that were selected for full-text review were assessed by both the first and second author. In case of uncertainty about study inclusion consensus was sought with the third author. Subsequently, data were extracted by the primary author. Where possible, the cumulative incidence of new-onset AF during the sepsis episode, the odds ratios (ORs) for the relations between risk factors and the occurrence of AF, and the OR for the relation between AF and mortality were calculated based on the crude data provided in the article. We calculated weighted mean incidences across studies by summing the reported frequencies of AF in all eligible studies and dividing this by the total number of participants. Risk factors were considered to have a high level of evidence if a significant association (P <0.05) was reported in ≥2 studies using multivariable analyses; a moderate level of evidence if a significant association was reported in a single study using a multivariable analysis, or in ≥2 studies using univariable analyses; and a low level of evidence if a significant association was reported in a single study using a univariable analysis. The strength of association was then classified as strong (OR <0.4 or >3.0), moderate (OR 0.4 to 0.7 or 1.5 to 3.0) and weak (OR = 0.7 to 0.9 or OR = 1.1 to 1.5) [15] .
Results
Based on our initial search results, 1,212 articles were screened, of which 1,168 were rejected after review of title and abstract. An additional 33 articles were excluded after full review, leaving 11 papers for inclusion ( Figure 1 ) [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Table 1 shows general characteristics of the included studies. Only six studies used a method of prospective data collection, whereas the others were retrospective analyses of existing databases. The total number of included patients with sepsis varied widely, ranging from 18 to 49,082 per study. The overall methodological quality of the studies was only low to moderate (GRADE scores 2 and 3). See Additional file 2 of the online supplemental digital content for a detailed appraisal of the individual studies. This was mostly due to a retrospective study design, a small sample size, a poor definition of the study domain, an uncertain diagnosis of the determinant (that is, the occurrence of AF), and a lack of multivariable analyses when assessing risk factors. Two studies [24, 25] did not explicitly distinguish between patients managed in an ICU or at the ward, yet remained in our review because the provided data suggested that the vast majority of included patients were indeed critically ill. Table 2 shows the incidence of new-onset AF in patients with sepsis by various stages of disease progression. The weighted mean incidence of new-onset AF was 8% (range 0 to 14%), 10% (4 to 23%) and 23% (6 to 46%) in patients with sepsis, severe sepsis and septic shock, respectively. Not all studies reported the incidences of new-onset AF for the various disease stages separately. Three studies reported only a combined incidence for patients with either sepsis or severe sepsis (mean 5%, range 3 to 10%) [17, 22, 23] ; one study reported an incidence for patients with either severe sepsis or septic shock (28%) [26] ; and another two studies reported an incidence for patients with sepsis of unspecified severity (mean 28%; range 25 to 50%) [16, 19] . In contrast, a single large study that was not formally restricted to the ICU setting only, and that used International Classification of Diseases-Ninth Revision-Clinical Modification (ICD-9-CM) codes to detect episodes of new-onset AF, reported an incidence of 5% in hospitalized patients with severe sepsis and 6% in patients with septic shock. No studies reported the number of recurrent AF episodes per ICU admission, their duration, or their hemodynamic consequences. Two studies reported the therapeutic interventions that were performed in response to AF onset in patients with sepsis, including electrical cardioversion (31%) and the initiation of antiarrhythmic drugs such as amiodarone (73%), digoxin (63%), bêta blockers (51%), and other/unspecified medications for rate-control (52%) or pharmacologically cardioversion (12%) [20, 21] . Table 3 shows the risk factors for the development of new-onset AF in patients with sepsis that were reported at least once at a significance level <0.05 (see Additional file 3 of the online data supplement for a complete overview of all potential risk factors). Risk factors with a high level of evidence included advanced age, white race, presence of a respiratory tract infection, organ failure, and use of a pulmonary artery catheter. In contrast, the incidence of AF was reduced in patients with diabetes mellitus and those with urinary tract infections. Conflicting results were found for a history of hypertension and chronic obstructive pulmonary disease (COPD). Table 4 shows outcomes for patients with at least a single episode of new-onset AF as compared to patients with maintained sinus rhythm. All studies reporting Only two studies reported a measure of association that was corrected for baseline imbalances in severity of illness, with an adjusted relative risk (RR) 1.07 (95% CI 1.04 to 1.11) for in-hospital mortality and adjusted OR 3.28 (95% CI 1.13 to 9.57) for 28-day mortality, respectively [21, 24] . Three studies reported a significantly increased length of stay for patients who had experienced an episode of new-onset AF in the ICU (weighted mean difference 9 days, reported range 5 to 13 days) [17, 20, 21] . An increased risk for in-hospital ischemic stroke was found in a single study that reported this outcome (adjusted OR 2.70, 95% CI 2.05 to 3.57) [24] .
Discussion
The reported incidence of new-onset AF varies greatly in critically ill patients with sepsis, but consistently rises with progression from milder stages of the disease to shock. Furthermore, the occurrence of even a single episode of AF is associated with increased mortality, increased length of stay and -possibly -an increased risk of stroke in these patients, both in crude and adjusted analyses. This suggests that new-onset AF is causally Data are expressed as absolute numbers (%) unless other specified. a Adjusted for the severity of illness at ICU admission measure by the Acute Physiology and Chronic Health Evaluation (APACHE) III predicted mortality rate; b adjusted for: age, sex, race/ethnicity, history of diabetes mellitus, hypertension, obesity, heart failure, stroke, myocardial infarction, chronic obstructive pulmonary disease, metastatic or hematologic malignancy, number of organ failures, presence of electrolyte disturbance, source of sepsis, type of organ failure, type of pathogenic organism and use of pulmonary artery catheter; c relative risk; d adjusted for: age, sex, race/ethnicity, history of diabetes mellitus, hypertension, obesity, heart failure, stroke, myocardial infarction, chronic obstructive pulmonary disease, metastatic or hematologic malignancy, number of organ failures, presence of electrolyte disturbance, source of sepsis, type of organ failure, type of pathogenic organism and use of pulmonary artery catheter. AF: atrial fibrillation; ICU: intensive care unit; n/a: not available; OR: odds ratio.
linked to poor outcome in critically ill patients with sepsis.
The incidences of new-onset AF in patients with sepsis admitted to the ICU that we found in our systematic review are higher than the 4 to 9% occurrence rates reported for general ICU populations, but lower than the estimated 30 to 50% rate in postcardiotomy patients [1] [2] [3] . Furthermore, the reported incidences in our review varied widely between studies, which may be explained by random variation due to the small sample sizes of most included studies, but also by differences in patient populations and by misclassification (that is, not all episodes of AF may have been correctly detected). In fact, the domain was not clearly defined in five studies, and some did not explicitly exclude patients who developed sepsis following cardiac surgery [18, [22] [23] [24] 26] . In addition, another seven studies did not explicitly exclude patients with a prior history of chronic or paroxysmal AF [16, 18, [21] [22] [23] [24] 26] . Both of these shortcomings may have led to an overestimation of the AF incidence due to sepsis. Of note, a single large study did not explicitly stipulate ICU admission as an entry requirement, yet was included in our analyses of risk factors and outcomes since most patients with severe sepsis or septic shock were expected to be critically ill indeed [24] . However, given the uncertainty about domain, this study was excluded from the calculation of pooled incidences of new-onset AF in an ICU setting.
Misclassifications might have also occurred due to differences in the methods used for diagnosing AF. Prospective use of continuous bedside monitoring can detect even short episodes of new-onset AF that may have only limited clinical relevance, whereas retrospective classification of AF based on available administrative databases will likely result in underreporting. Indeed, the three retrospective studies found lower incidences than most of the prospective studies in our review [17, 21, 24] .
Risk factors for the development of AF in patients with sepsis were reported in only six of the included studies [17, 20, 21, [24] [25] [26] . Markers of illness severity (such as the presence of organ failures and shock) as well as several critical care interventions were associated with an increased risk of AF. These findings give support for the general notion that AF may be triggered by high levels of circulating proinflammatory cytokines, catecholaminergic stress electrolyte imbalances, and a disrupted volume status during sepsis. In addition, known risk factors for chronic or paroxysmal AF in the general population, such as advanced age, white race, male gender, obesity and (ischemic) heart failure, were also associated with the development of AF during sepsis [27, 28] . However, in contrast to reported associations in the general population, the included studies did not identify hypertension, valvular heart disease or diabetes as significant risk factors [27] [28] [29] . In fact, two studies paradoxically reported that diabetes mellitus was associated with a decreased risk of AF onset [24, 25] . It might be that patients with diabetes mellitus who did not develop paroxysmal or chronic AF prior to their acute illness were characterized by some (unknown) factors that protected them from developing this dysrhythmia during the sepsis event. Conflicting results were found for a history of hypertension and COPD [20, [24] [25] [26] . The authors reporting an (unexpected) reduced risk of AF stated that this finding may have been an artifact that was due to underreporting of chronic comorbidities in their data [24, 25] . However, in that case we would not expect a protective effect.
Outcomes of new-onset AF in patients with sepsis were described in five studies [17, 20, 21, 24, 26] . All studies consistently reported worse outcome in patients with new-onset AF as compared to patients with preserved sinus rhythm, although only two studies used multivariate analyses to adjust for baseline imbalances [21, 24] . Even then, residual confounding in both studies is likely since only limited numbers of covariables were collected and time-dependent variations in the evolution of disease severity prior to the onset of AF were ignored. Methodologically advanced analytical approaches are necessary to demonstrate genuinely independent associations with morbidity and mortality. In the end, therefore, it still remains somewhat elusive to what extent newonset AF in patients with sepsis truly impacts outcome. However, given the consistency of the findings across settings and biological plausibility, a relation that is (at least in part) causal seems likely.
Additional morbidity and mortality following the development of AF in patients with sepsis may be explained by the decrease in cardiac output and blood pressure that occurs in most patients due to reduced left ventricular filling. This is particularly the case in the presence of rapid ventricular response rates. The resulting hemodynamic compromise may impair the recovery of organ function in patients with severe sepsis or shock. Furthermore, AF has been associated with the development of intracardiac thrombi, posing a subsequent risk of systemic embolization and stroke [30] . Harm, however, may also result from the indiscriminate use of anticoagulants in patients with AF, particularly in an ICU setting. Unfortunately, there are presently no evidencebased guidelines for the use of anticoagulant prophylaxis in these patients [10, 31] .
Taken together, the management of new-onset AF in critically ill patients with sepsis poses a major clinical challenge. It may therefore be desirable to start pharmacological prophylaxis in an attempt to prevent this complication rather than to be reactive, provided that it is possible to adequately identify patients who are at highest risk for developing AF during sepsis. A recent study investigating the effect of esmolol in patients with septic shock gives support to the feasibility of such approach [32] . Although reducing heart rate is likely to improve cardiovascular function, treating sinus tachycardia -and thereby possibly preventing AF -in patients with sepsis remains controversial, however, and further research is necessary before any recommendations regarding pharmacological prophylaxis can be made.
Our review is the first to give a systematic overview of the reported incidences, risk factors and outcomes associated with AF during sepsis in the ICU. However, our review has several limitations, primarily because the majority of the included papers pertained to single center studies with small sample sizes, whereas the few multicenter studies that were included had retrospective designs and used only administrative data (such as ICD-9-CM codes) for the classification of both sepsis and new-onset AF. In addition, many studies did not discriminate between the various sepsis stages when reporting the occurrence of new-onset AF [16, 17, 19, 22, 23, 26] . Furthermore, there was large statistical heterogeneity as well as variability in clinical settings amongst studies. This precluded pooling of data into a meta-analysis. At last, it still remains uncertain whether new-onset AF in patients with sepsis is merely a marker for severity of disease, or whether it truly impacts outcome. Therefore further research is warranted to demonstrate independent associations with morbidity and mortality.
